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Background: We assessed high-frequency stimulation (HFS)-induced changes in the atrial ﬁbrillation
(AF) cycle length (AFCL) in the pulmonary vein (PV) after ganglionated plexi (GP) ablation.
Methods: Twenty-two patients undergoing catheter ablation for AF were retrospectively enrolled. Sites
showing a vagal response (VR) to HFS were deﬁned as GP-positive sites. AFCL was determined in the
adjacent PV, distant PV, coronary sinus, and right atrium. Twenty cycles were counted before and after
each HFS. After radiofrequency application to the GP site, HFS was repeated.
Results: At GP-positive sites (n¼57), signiﬁcant shortening of the AFCL was detected in the adjacent PV
(17% shortening, 165738 to 137727 ms, po0.001) and distant PV (4.8% shortening, po0.001), but not
in the coronary sinus (0.8% shortening, p¼0.27) or right atrium (1.8% shortening, p¼0.06). However, no
signiﬁcant shortening was observed at GP-negative sites (n¼25). At 41 of the 57 sites where VR
disappeared after a single radiofrequency application, no signiﬁcant shortening was observed in the
adjacent PV (2.1% shortening, p¼0.25). At 16 of the 57 sites where VR was still present, signiﬁcant
shortening was observed in the adjacent PV (16% shortening, po0.001).
Conclusions: HFS of the GP has a strong inﬂuence on AFCL in the PV.
& 2013 Japanese Heart Rhythm Society. Published by Elsevier B.V. All rights reserved.
1. Introduction
Autonomic inﬂuences in the heart are generated by both the
extrinsic and intrinsic cardiac autonomic nervous system (gang-
lionated plexi; GP) [1,2]. Experimental and clinical studies suggest
that GP activation plays a signiﬁcant role in the initiation and
maintenance of atrial ﬁbrillation (AF) [3–5]. In an animal model,
stimulation of the GP produces repetitive short bursts of rapid,
irregular ﬁring in the adjacent pulmonary vein (PV); these bursts
initiate sustained AF. Recent clinical studies have demonstrated
that the combination of GP ablation and PV isolation produces a
better outcome than PV isolation alone [6,7]. These ﬁndings
indicate a relationship between GP activation and PV activation
during clinical AF. However, it is unclear whether GP stimulation
alters AF cycle length (AFCL) in the PV before and/or after GP
ablation. In the present study, we assessed whether high-
frequency stimulation (HFS)-induced changes in AFCL in the PV
occur before or after GP ablation.
2. Methods
2.1. Patient characteristics
We retrospectively analyzed 22 AF patients (10 with paroxysmal
AF, 12 with persistent AF) undergoing catheter ablation. The mean
age was 58710 years (4 women). All patients were studied in a
fasted state, and all antiarrhythmic drugs were stopped 5 half-lives
before the procedure. Eleven patients had hypertension. None of
the patients had a history of open-heart surgery. All patients
provided written informed consent.
2.2. Study and ablation protocol
A 6-Fr multipolar catheter (Inquiry Wide Band, St. Jude Medical,
Irvine, CA) was inserted into the coronary sinus (CS) and right atrium
(RA) via the internal jugular vein and RA. A quadripolar catheter with
electrodes was advanced into the apex of the right ventricle. Following
transseptal puncture, two 7-Fr duodecapolar circumferential catheters
(Inquiry Optima, St. Jude Medical) were placed within the ipsilateral
superior and inferior PVs under selective PV venography guidance.
A 3.5-mm irrigated-tip catheter (ThermoCool, Biosense Webster,
Diamond Bar, CA) was used for mapping and ablation. Electro-
anatomic mapping of the left atrium and PV was performed using
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the CARTO XP system (Biosense Webster). We induced and main-
tained sedation using intravenous dexmedetomidine. Thiopental
sodium was added depending on the patient's sedation level. The
mapping catheter was positioned at the presumed GP site, and HFS
was delivered. If sinus rhythm was present at baseline, atrial burst
pacing was performed to induce AF. Previous reports have demon-
strated that the GP can be identiﬁed and localized using endocardial
HFS in patients undergoing catheter ablation for AF [8]. We
delivered HFS with a frequency of 20 Hz, amplitude of 20 V, and
pulse duration of 10 ms (BC-1100, Fukuda Denshi, Tokyo, Japan)
for 5 s. A GP-positive site was deﬁned as a site showing a vagal
response (i.e., prolongation of the R–R interval by 450% during
AF); a GP-negative site was a site that did not produce a vagal
response. We identiﬁed the 5 major GP in the left atrium (Fig. 1A).
To minimize loss of vagal response, GP ablation was performed in
the following order: Marshall tract GP (MTGP), superior left GP
(SLGP), anterior right GP (ARGP), inferior left GP (ILGP), and inferior
right GP (IRGP) [4].
1. HFS was delivered to the presumed GP site.
2. Radiofrequency energy (30–35 W for 30–40 s) was delivered to
GP-positive sites.
Fig. 1. (A) Location of ganglionated plexi in the left atrium. The Marshall tract ganglionated plexi (MTGP) area is located within the fat pad anterior to the left superior PV
and left inferior PV (between the PVs and left atrium appendage). The superior left GP (SLGP) area is located on the roof of the left atrium, medial to the left superior PV. The
inferior left GP (ILGP) area is located inferior to the left inferior PV. The anterior right GP (ARGP) area is located anterior to the right superior PV. The inferior right GP (IRGP)
area is located inferior to the right inferior PV. AP: anteroposterior view, PA: posteroanterior view. (B,C) Fluoroscopic view of the ablation catheter and the other catheter.
(B) When HFS and radiofrequency energy were applied to the Marshall tract GP (MTGP) and superior left GP (SLGP), the circumferential catheters were in the LSPV and LIPV.
AP: anteroposterior view, LAO: 551 left anterior oblique view. CS: coronary sinus, RA: right atrium, LSPV: left superior pulmonary vein, LIPV: left inferior pulmonary vein, RF:
mapping and ablation catheter, RV: right ventricle. (C) When we applied the HFS and radiofrequency energy to the ARGP, the circumferential catheters were in the RSPV and
RIPV. RAO: 301 right anterior oblique view, LAO: 551 left anterior oblique view. CS: coronary sinus, RA: right atrium, RSPV: right superior pulmonary vein, RIPV: right inferior
pulmonary vein, RF: mapping and ablation catheter.
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3. After 1 radiofrequency application, HFS was applied at the
same site.
We retrospectively investigated the changes in AFCL induced
by applying HFS to the MTGP, SLGP, and ARGP. To evaluate changes
in the AFCL induced by HFS after a single radiofrequency applica-
tion, we analyzed only the 1 GP-positive site at which radio-
frequency was ﬁrst delivered in each of the GP areas (MTGP, SLGP,
and ARGP), since evaluation of the AFCL induced by HFS after
several radiofrequency applications in each GP area would be
affected by the previously performed GP ablations.
The endpoint of GP ablation is the elimination of the vagal
response induced by HFS in each GP area (maximum of 3 radio-
frequency applications at the same GP site). PV antral isolation was
performed after GP ablation.
2.3. AFCL measurements
We measured the AFCL obtained from catheter recordings of
the ipsilateral superior and inferior PVs, CS, and RA. Twenty cycles
were counted immediately before and after each HFS episode to
estimate the pre- and post-HFS AFCL using a 50-mm/s sweep
speed. Continuous or fragmented activity or a potential interval of
less than 50 ms was counted as a single activity. When HFS and
radiofrequency energy were applied to the MTGP and SLGP, the
circumferential catheters were placed in the left superior PV and
left inferior PV. When HFS and radiofrequency energy were
applied to the ARGP, the circumferential catheters were placed in
the right superior PV (RSPV) and right inferior PV. The “adjacent
PV” was the PV adjacent to the HFS site, and the “distant PV” was
on the same side as the PV next to the adjacent PV (Fig. 1).
2.4. Statistical analysis
Measured and calculated data are expressed as mean (SD).
Statistical analysis was performed using the paired t-test. The
Student's t-test was used to compare means of unpaired data.
A P-value of less than 0.05 was considered statistically signiﬁcant.
3. Results
In 22 patients, we analyzed 82 sites at which HFS was
delivered. We identiﬁed 57 GP-positive sites on the basis of a
vagal response (19 at the MTGP, 18 at the SLGP, and 20 at the
ARGP) and 25 GP-negative sites. After delivery of radiofrequency
energy (30–35W for 30 s) to the 57 GP-positive sites, HFS was
applied to the same sites. The vagal response disappeared at 41
sites and was still present at 16 sites (Fig. 2).
3.1. GP-positive and GP-negative sites before ablation
A representative vagal response at GP-positive and GP-negative
sites is shown in Fig. 3. Differences in the AFCL changes induced by
Fig. 2. In 22 patients, we applied HFS to 82 presumed ganglionated plexi (GP) sites.
Fifty-seven GP-positive sites were identiﬁed by vagal response (19 at the MTGP, 18
at the SLGP, and 20 at the ARGP). Twenty-ﬁve GP-negative sites were identiﬁed.
After the delivery of radiofrequency energy (30–35W for 30–40 s) to the 57 GP-
positive sites, HFS was applied to the same sites. The vagal response disappeared at
41 sites (GP-negative sites: group A) and was still present at 16 sites (GP-still
positive: group B).
Fig. 3. Representative vagal response-positive and response-negative sites. A 67-
year-old manwith paroxysmal AF. HFS was applied to the presumed MTGP area (A).
At sites where the vagal response was not detected (green tag), no signiﬁcant
shortening of the AF cycle was observed in the LIPV (B). At sites where the vagal
response was detected by HFS (red tag), there was obvious shortening of the AF
cycle in the LIPV (C). HFS: high frequency stimulation, MTGP: Marshall tract
ganglionated plexi, CS: coronary sinus, RA: right atrium, LSPV: left superior
pulmonary vein, LIPV: left inferior pulmonary vein, BP: blood pressure.
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HFS are also shown in Fig. 3. At sites where a vagal response was
not observed (green tag), no signiﬁcant shortening of the AFCL was
detected in the left inferior PV (LIPV) (Fig. 3(B)). However, at sites
where a vagal response was observed after HFS (red tag), there
was obvious shortening of the AFCL in the LIPV (Fig. 3(C)).
Mean AFCL changes induced by HFS at 57 GP-positive sites are
shown in Fig. 4(A). A signiﬁcant shortening of the AFCL was
detected in the adjacent PV (17% shortening, 165738 to
137727 ms, po0.001) and distant PV (4.8% shortening, 155719
to 146721 ms, po0.001). No signiﬁcant shortening of the AFCL
was detected in the CS (0.8% shortening, 158723 to 157723 ms,
p¼0.27) or RA (1.8% shortening, 172735 to 169728 ms, p¼0.06).
The degree of AFCL shortening was signiﬁcantly greater in the
adjacent PV than in the distal PV (mean decrease in AFCL:
26.8727.3 ms vs. 8.4715.3 ms, po0.001).
Mean changes in the AFCL induced by HFS at 25 GP-negative
sites are shown in Fig. 4(B). A signiﬁcant shortening of the AFCL
was not observed in the adjacent PV (2.1% shortening, 159738
to 156732 ms, p¼0.25), distant PV (2.6% shortening, 156725
to 152723 ms, p¼0.23), CS (0.4% shortening, 160732 to 1607
24 ms, p¼0.79), and RA (0.5% prolongation, 174726 to 1747
24 ms, p¼0.97).
3.2. GP-negative and GP-still positive sites after ablation
After delivery of a single application of radiofrequency energy
(30–35 W for 30 s) to the 57 GP-positive sites, the vagal response
disappeared at 41 sites (GP-negative sites; group A) and was still
present at 16 sites (GP-still positive; group B). A representative
negative vagal response after radiofrequency application to the
ARGP is shown in Fig. 5(A). Before radiofrequency application, HFS
of the ARGP induced signiﬁcant shortening of the AFCL in the RSPV
(Fig. 5(A)). After radiofrequency application, the vagal response
disappeared. At that site, HFS did not induce signiﬁcant shortening
of the AFCL in the RSPV (Fig. 5(B)).
The changes in mean AFCL induced by HFS in group A are shown
in Fig. 6(A). In group A, AFCL was not signiﬁcantly reduced in the
adjacent PV (3.2% shortening, 164750 to 158744 ms, p¼0.06),
distant PV (1.4% shortening, 153719 to 151722 ms, p¼0.52), CS
(0.3% prolongation, 158725 to 158724 ms, p¼0.70), or RA (0.8%
shortening, 168731 to 166734 ms, p¼0.51). However, in group B,
AFCL was still signiﬁcantly reduced in the adjacent PV (16% short-
ening, 171726 to 144726 ms, po0.001) and distant PV (5.2%
shortening, 159717 to 151719 ms, p¼0.003), but not in the CS
Fig. 4. (A) Mean AFCL before and after HFS at 57 ganglionated plexi (GP)-positive
sites. Signiﬁcant shortening in the AFCL was detected in the adjacent PV and distant
PV. No signiﬁcant shortening in the AFCL was detected in the CS and RA. (B) Mean
AFCL before and after HFS at 25 GP-negative sites. No signiﬁcant shortening in the
AFCL was observed in the adjacent PV, distant PV, CS, and RA. HFS: high frequency
stimulation, PV: pulmonary vein, CS: coronary sinus, RA: right atrium, CL: cycle
length.
Fig. 5. Representative changes in AFCL induced by HFS before and after GP ablation.
A 61-year-old man with persistent AF. HFS was applied to the presumed ARGP area.
At sites where the vagal response was detected after HFS, there was obvious shortening
of the AF cycle in the RSPV (A). After radiofrequency application (30W, 30 s), HFS was
performed at the same site. A vagal response was not detected after ablation. No
signiﬁcant shortening of the AF cycle was observed in the RSPV (B). CS: coronary sinus,
RA: right atrium, RSPV: right superior pulmonary vein, RIPV: right inferior pulmonary
vein, BP: blood pressure.
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(1.6% shortening, 163717 to 160718 ms, p¼0.17) or RA (1.9%
shortening, 179728 to 175734 ms, p¼0.13; Fig. 6(B)).
We performed further radiofrequency applications in group B and
conﬁrmed elimination of the vagal response at each GP site. After GP
ablation, electrical PV antral isolation was successfully achieved in all
patients.
4. Discussion
4.1. Major ﬁndings
The ﬁndings of the present study revealed signiﬁcant HFS-induced
changes in AFCL before and after GP ablation, especially in the adjacent
PV. At sites in which the vagal response disappeared after ablation, no
signiﬁcant shortening of the AFCL was observed. Interestingly, sig-
niﬁcant shortening of the AFCL was detected at sites in which the
vagal response was still present after ablation. We demonstrated that
GP ablation strongly inﬂuences AFCL in the PV after HFS.
4.2. Previous reports
Paroxysmal AF is most often initiated by a focal trigger from
the oriﬁce of, or within, a PV [9]. Hocini et al. reported the
electrophysiologic characteristics of canine PVs [10]. They found
that zones of activation delay in canine PVs were correlated with
abrupt changes in fascicle orientation. This architecture of mus-
cular sleeves in the PVs may facilitate reentry and arrhythmias
[10]. Using high-resolution optical mapping in an animal model,
Arora et al. demonstrated that the PV provides a substrate for both
focal (or triggered) automaticity and reentry. A slow, autonomic
(or triggered) focus originating from close to the PV ostium may
then be maintained as a rapid reentrant circuit because of the
functional barriers provided by slow conduction in the rest of the
PV [11]. However, the exact mechanism of the trigger originating
from the PV has not been well elucidated.
Autonomic inﬂuences in the heart are generated by both the
extrinsic (central) and intrinsic cardiac autonomic nervous sys-
tems. The intrinsic cardiac autonomic nervous system includes
autonomic GP on the epicardial surface of the atria [1]. GP ablation
prevents the decrease in the AF threshold induced by stimulation
of vagosympathetic trunks. The interconnected atrial autonomic
network formed by the GP contributes to the induction of rapid
ﬁring from PV sites or non-PV sites in an animal model [12]. In
humans, Lim et al. demonstrated a direct link between activation
of the intrinsic cardiac autonomic nervous system and pulmonary
vein ectopy. Short bursts of HFS synchronized to the local atrial
refractory period and delivered at presumed GP sites resulted in
ectopy recorded in the earliest PV [13]. These results suggest that
GP are strongly related to the AFCL in the adjacent PV.
4.3. GP-positive and GP-negative sites before ablation
At GP-positive sites (vagal response positive), we detected
signiﬁcant shortening of the AFCL in the adjacent and distant
PVs. However, at GP-negative sites, we did not detect signiﬁcant
shortening of the AFCL.
The GP contain afferent neurons from the atrial myocardium
and from the extrinsic system, efferent cholinergic and adrenergic
neurons, and an extensive array of interconnecting neurons. Each
of the major GP situated at PV-atrial entrances contains 200–1000
neurons [1].
GP stimulation leads to the local release of both cholinergic and
adrenergic neurotransmitters. The cholinergic neurotransmitter,
acetylcholine, is released from axons innervating the sinus node
and the AV node [8]. Therefore, a transient AV block and hypoten-
sion (vagal response) occur [4]. Parasympathetic stimulation
shortens the action potential duration, especially in the PV
myocardium. Sympathetic stimulation increases calcium loading
and calcium release from the sarcoplasmic reticulum, the combi-
nation of which results in high intracellular calcium concentra-
tions during and immediately after repolarization. The high
calcium concentration during and immediately after repolarization
drives the Naþ/Ca2þ exchange, which creates a net inward
current. The inward current produces early after depolarizations
and triggers ﬁring [4]. Vaitkevicius et al. reported the anatomy of
the subendothelial neural network within extra pulmonary seg-
ments of the PVs in the intact LA-PV complex of the adult human
heart. The ganglionated nerves and nerve ﬁbers distribute trans-
murally on extra pulmonary segments of the PVs [14]. Therefore,
HFS trains might be introduced proximal to the PV ostium and
overlying the GP feeding the PV sleeve, shortening the action
potential and inducing triggered rhythm formation within the PV
sleeve.
At GP-positive sites, the degree of AFCL shortening was mark-
edly higher in the adjacent PV than in the distant PV. One possible
explanation for this ﬁnding is that the ganglia and nerves are
unevenly distributed along human PVs [14]. We think that most of
the nerve supply of the PV is interconnected through the nearest
GP. These anatomic characteristics may affect the changes in the
Fig. 6. (A) Mean AFCL induced by HFS at 41 ganglionated plexi (GP)-negative sites after
radiofrequency application (group A). Mean AFCL changes induced by HFS in group A
are shown. In group A, no signiﬁcant reductions in the AFCL were observed in the
adjacent PV, distant PV, CS, or RA. (B) Mean AFCL induced by HFS at 16 GP sites that
were still positive after radiofrequency application (group B). Signiﬁcant reductions in
the AFCL were observed in the adjacent PV and distant PV, but not in the CS and RA.
PV: Pulmonary vein, CS: coronary sinus, RA: right atrium, CL: cycle length.
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AFCL. Another possibility is the presence of an interpulmonary
connection. Crossing myocardial strands and bridges at the inter-
pulmonary isthmus may be the anatomic substrate for the
electrical connection between the superior and inferior PVs [15].
Therefore, AFCL shortening in the adjacent PV might be conducted
to the distal PV through the myocardium.
4.4. GP-negative and GP-still positive sites after radiofrequency
ablation
After 1 radiofrequency ablation at endocardial sites, HFS was
delivered at the same site. Disappearance of the vagal response
was observed at 41 of 57 sites (72%). The signiﬁcant shortening of
the AFCL also disappeared at these sites. This ﬁnding suggests that
GP activation plays an important role in the AFCL in the adjacent
PV. When the radiofrequency energy (30–35W for 30–40 s)
applied at endocardial sites induced severe damage to the neurons
of the GP, the vagal response disappeared because of the lack of
neurotransmitter release from the axons. In contrast, the vagal
response was still present at 16 sites (28%). Signiﬁcant shortening
of the AFCL was still observed at these sites. A possible reason for
this ﬁnding is that the GP were only partially damaged. Each GP
site contains 200–1000 neurons [1]. Therefore, a single radio-
frequency application may not be sufﬁcient to completely damage
the GP.
Our results suggest that the AFCL changes were mainly due to
GP activation, rather than direct local atrial capture from HFS. We
applied radiofrequency at GP-positive sites that showed signiﬁcant
shortening of the AFCL after HFS. After radiofrequency delivery, we
repeated the application of HFS at the same site. Two altered
patterns of response to HFS were observed. The signiﬁcant short-
ening of the AFCL disappeared in group A, but was still present in
group B. Comparison between the 2 groups revealed no differ-
ences in the ablation parameters of radiofrequency application (i.
e., power, duration, and impedance change). These ﬁndings
indicate that the AFCL changes were mainly due to GP activation
rather than direct local atrial capture.
4.5. Clinical implication
To identify the GP-positive sites, we deﬁned a positive response
to HFS as a 450% increase in the mean R–R interval during AF
(transient AV block). This deﬁnition is widely accepted, but this
method has high speciﬁcity and low sensitivity, because the AV
block is driven by activation of the crux GP in the crux fat pad
between the inferior vena cava and CS ostium [4]. If activation of
the speciﬁc interconnecting neurons or ablation of one of the
intermediate GP fails along the line to the crux GP, the vagal
response to HFS may not occur. In this study, we showed that HFS
at GP-positive sites induced signiﬁcant shortening of the AFCL in
the adjacent PV. This signiﬁcant shortening of the AFCL may
become a new index of GP-positive sites if HFS does not produce
a vagal response because of injury to the neuronal interconnection
with the AV node caused by the previous radiofrequency applica-
tion (e.g., 2nd procedure).
4.6. Limitations
This is a retrospective single-center study. In the present study,
we did not examine the AFCL at the HFS site. It was difﬁcult to count
the 20 cycles after HFS, because noise and artifacts were recorded at
the mapping catheter immediately after applying the HFS.
We analyzed 40 cycles after the HFS episode in the ﬁrst
8 patients. Signiﬁcant changes in the AFCL were observed in the
ﬁrst 20 cycles after HFS in these 8 patients. Therefore, we thought
it would be possible to assess the changes in the AFCL by analyzing
the 20 cycles after each HFS episode in all patients. We did not
analyze the AFCL at the PV contralateral to the HFS site. We tried to
simultaneously evaluate changes in the AFCL in PVs near the GP
sites. Therefore, we placed the 2 ring catheters in the PV ipsilateral
to the HFS site.
5. Conclusion
HFS of the GP strongly affects the AFCL detected in the adjacent
PV. Successful GP ablation abolishes any signiﬁcant change in the
AFCL induced by HFS. This ﬁnding indicates that GP might be a
potential ablation target for AF.
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